Heavy neutrinos at the TeV scale have been searched for at the LHC in the context of left-right models, under the assumption that they couple to the electron, the muon, or both. We show that current searches are also sensitive to heavy neutrinos coupling predominantly to the tau lepton, and present limits can significantly constrain the parameter space of general flavour mixing.
The discovery of neutrino oscillations [1] demonstrates that lepton flavour is not conserved in nature, providing evidence for neutrino mass and new physics [2] . Seesaw schemes implemented in a left-right context [3, 4] not only provide a natural origin for neutrino mass via the introduction of three heavy right-handed neutrinos N i , i = 1 − 3, but also open the possibility of their direct observation at high energies. In the absence of extra gauge bosons or scalars, the production cross sections of heavy neutrinos with masses m N 100 GeV at the Large Electron Positron (LEP) collider [5] , HERA [6] and hadron colliders [7] are rather small, due to the small coupling of heavy neutrinos to SM particles [8] [9] [10] (see [11] for a review and additional references). In contrast, in models with left-right symmetry heavy neutrinos have righthanded interactions with charged leptons ℓ = e, µ, τ ,
with mixing matrix elements V R ℓNi that can be of order unity. Consequently, they can be produced singly at the Large Hadron Collider (LHC), in
with a relatively large cross section, provided the W R mass M WR is larger than m N , so that the s-channel W R boson is on its mass shell. The heavy neutrinos can then decay via an off-shell W R boson,
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bosons [13] and, possibly, to shed light upon the neutrino mass generation mechanism, for which there is no clue yet. Indeed, this is a much more favourable scenario than without extra W R bosons, where the heavy neutrino production is overwhelmed by the SM background [14] , and the discovery potential is also better than in models with an extra Z ′ boson [15, 16] , where heavy neutrinos are produced in pairs.
Previous sensitivity estimations [17, 18] for the process in Eqs. (2),(3) and preliminary searches [19] have taken as benchmark scenarios for the study the case of heavy neutrinos N e , N µ coupling to the electron or the muon only. This has also been the case for early reinterpretations of LHC searches [20] . Recently, the ATLAS Collaboration has gone a step further [21] and has searched for neutrinos N 1,2 mixing maximally with the electron and the muon, |V
However, these approximations may be too simplistic to describe TeV-scale seesaw, if it is realised in nature. Indeed, a rich flavour structure appears in the measured light neutrino mixing with charged leptons, with the atmospheric angle being close to maximal, the solar angle also large [2] , and the third mixing angle θ 13 ≈ 8.8 ± 0.8
• significantly different from zero as recently discovered [22] . Motivated by this consideration, in this paper we show that the ATLAS search in Ref. [21] actually provides stringent constraints on heavy neutrinos with predominant mixing with the tau,
The key for this observation is that no requirement is made in this search regarding the missing energy of the events. Thus, the ATLAS search [21] is sensitive to the process in Eqs. (2),(3) with ℓ, ℓ ′ = τ and subsequent τ leptonic decay, where the main penalty with respect to the channels with ℓ, ℓ ′ = e, µ is the τ leptonic branching ratio of around 1/3. The approach to the study of heavy neutrino production presented here is complementary to previous ones. Instead of fixing the flavour structure to study the mass reach in terms of M WR and m N , since we want to concentrate on flavour, we follow the approach in [23] and fix (M WR , m N ) to study the size of the resulting signals in terms of the flavour structure of the heavy neutrino couplings. Such general approach would be unavoidable in case that a positive signal were observed.
For simplicity, we assume that only one heavy neutrino N ≡ N 1 is lighter than W R . (In case there are more than one, their dilepton signals peak at different ℓ ′ jj invariant masses and interference effects are negligible due to their small heavy neutrino intrinsic width.) In our calculations we take g R equal to the SM weak coupling g W , and the right-handed quark mixing matrix as diagonal. Relaxing the latter assumptions would only amount to an overall scale factor in our cross sections, which does not affect our conclusions. To a good approximation we can neglect the left-right mixing in the leptonic charged current, so that |V
by unitarity [24] . The production cross sections corresponding to this heavy neutrino, summing over ℓ = e, µ, τ , are presented in Fig. 1 for centre of mass (CM) energies of 7 and 8 TeV. Notice that these cross sections are independent of the heavy neutrino mixing due to the unitarity constraint. Higher-order corrections increase these cross sections by a factor K ∼ 1.3 for the range of W R masses considered [25] .
In order to estimate the sensitivity to general flavour mixing, we have performed a fast simulation analysis of the process in Eqs. (2), (3) using Triada [16, 26] for the signal generation, Pythia [27] for hadronisation and AcerDET [28] for the simulation of a generic LHC detector. We have selected two benchmark points in the (M WR , m N ) parameter space for illustration. The first one, M WR = 1.5 TeV, m N = 0.8 TeV, with a heavy neutrino production cross section of 44 fb, is allowed by direct searches if N couples either to the electron or the muon. These values of M WR and m N coincide with a benchmark point in [21] where, on the other hand, results are given for two heavy neutrinos with their contributions summed (we only consider one heavy neutrino N = N 1 here.) For our second benchmark we choose slightly ligher W R and N , M WR = 1.2 TeV, m N = 0.6 TeV, corresponding to a signal cross section of 179 fb. These masses are excluded by direct searches if N does not couple to the tau, but are allowed otherwise. Moreover, the value taken for the W R mass is disfavoured by indirect limits M WR 1.6 TeV from the K L − K S mass difference [29] . Still, we have chosen this second scenario to illustrate the type of flavour constraints that will be achieved for higher masses and larger luminosity, also with the CM energy upgrade at 8 TeV that approximately doubles the cross sections (see Fig. 1 ). Here it is worthwhile remarking that in a large part of the (M WR , m N ) parameter space the sensitivity to heavy neutrino production with arbitrary flavour mixing corresponds to a simple rescaling of the results presented here by the ℓN production cross section, according to Fig. 1 . The exception is for the region with m N ≪ M WR , where the heavy neutrino from W R decay is highly boosted and the charged lepton in N → ℓjj overlaps with the hadronic jets, making detection efficiencies decrease.
For our two selected benchmark scenarios we have generated nine signal samples of 50000 events, each sample corresponding to a flavour combination ℓ, ℓ ′ = e, µ, τ . On these simulated samples we have mimicked the event selection criteria in Ref. [21] , namely
• Exactly two leptons with transverse momentum p T > 25 GeV, and pseudo-rapidity |η| < 2.47 for electrons, |η| < 2.4 for muons. Electrons in the range 1.37 < |η| < 1.52 are excluded.
• At least one jet with p T > 20 GeV and |η| < 2.8.
• The invariant mass of the two leptons m ℓℓ must be larger than 110 GeV.
• The sum of transverse momenta of the two leptons and highest p T jets (including up to two jets) must be larger than 400 GeV.
• The W R reconstructed mass must be larger than 400 GeV. For events with at least two jets, this mass is defined as the invariant mass of the two leptons and the two leading jets, M rec WR = m ℓℓjj . For events with only one jet, it includes only this jet, M rec WR = m ℓℓj . The resulting efficiencies for event selection are collected in Table I . These numbers are inclusive, i.e. we have , mN ) , for the nine samples with ℓ, ℓ ′ = e, µ, τ . summed events with same-sign and opposite-sign lepton pairs, including ee, µµ and eµ. (The efficiencies for the exclusive channels are not presented here for brevity.) For ℓ, ℓ ′ = e, µ we can see that the efficiencies are within the range 40-65% reported in Ref. [21] , giving confidence that our crude simulation gives results not far from a more realistic one. Interestingly, we observe that for tau leptons the efficiencies are close to the ones corresponding to a mere branching ratio scaling Br(τ → e/µ νν) ≃ 1/3. This is due to the high transverse momentum with which the tau leptons are produced, which is inherited by the secondary electrons and muons from their decay, so that the event selection criteria are easily passed. Moreover, as we have emphasised before, the key to retain these efficiencies for ℓ, ℓ ′ = τ is to drop any requirement on small missing energy, as these events involve up to four neutrinos in the final state. Fortunately, this has been the case in the recent ATLAS search, a fact that allows us to explore the constraints on scenarios with non-zero τ mixing.
Once equipped with the selection efficiencies for each exclusive channel, we can easily compute the number of events for each (M WR , m N ) and arbitrary mixing V 
by an appropriate weighting of the nine samples. We use the SM background prediction and number of observed events in Ref. [21] for the six individual samesign and opposite-sign channels, corresponding to an integrated luminosity of 2.1 fb −1 . A simple χ 2 function is used to estimate the agreement of the model predictions with data, with the systematic and statistical errors on the background summed in quadrature. In particular, this allows us to find for each benchmark scenario the regions in the flavour parameters that are excluded at the 95% confidence level (CL). Our results are summarised in Fig. 2 , in terms of the two independent mixing parameters V Our plots clearly show that data allow to go beyond this assumption and explore scenarios with large τ mixing, since there is significant experimental sensitivity. These results should motivate dedicated experimental searches using more general benchmarks with non-zero V R τ N . In particular, we observe that heavy neutrinos with mixing V R τ N ≤ 0.94 are excluded for the second scenario. The range of mixing probed will extend farther when the full 5 fb −1 dataset collected at 7 TeV is analysed. We have estimated the expected sensitivity by rescaling the backgrounds in Ref. [21] and making the assumption that the number of observed events equals the expected background. Remarkably, it is found that in the second benchmark the larger data sample would allow to exclude V at the 90% CL [31] , by suitable choices of the masses of the two heavier neutrinos m N2 , m N3 ≥ M WR and the third independent mixing angle in the 3 × 3 unitary matrix of entries V R ℓNi . (The contribution to τ → eγ and τ → µγ is well below present bounds.) Interestingly, these considerations also highlight the synergy between low-and high-energy observables. While radiative decays, such as µ → eγ, are sensitive to higher scales than those to be directly probed at the LHC, they also sum all the three heavy neutrino contributions. On the other hand, the LHC has the potential to pinpoint their individual couplings, providing detailed information that is not accessible at low energies. In particular, when both V R eN and V R µN are non-zero the observation of lepton flavour violating (LFV) signals at the LHC, namely the production of eµ pairs without extra neutrinos, is posssible even if those effects are suppressed at low energies. The presence of these LFV signals could be spotted by an upper cut on missing energy, so as to remove the contribution from τ decays. However, this interesting issue is beyond the scope of the present work.
In summary, we have reconsidered the current LHC searches for heavy neutrinos in the context of left-right symmetric models. In contrast with earlier studies, which assume that heavy neutrinos only couple to e and/or µ, we have emphasised that a proper inclusion of flavour, namely arbitrary heavy neutrino mixing with the three charged leptons e, µ, τ , is possible. In particular, we have explicitly shown that current analyses [21] can be used to provide significant contraints on the general flavour mixing of heavy neutrinos. Our results, in view of the rich flavour structure observed in the light neutrino mixing, should motivate "fully flavoured" heavy neutrino analyses, beyond the simple benchmarks previously used.
